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Abstract
We propose a neutrinophilic two-Higgs-doublet model, where the vacuum expectation value
(VEV) of the second Higgs doublet is only induced at one-loop level via several neutral fermions.
Thus, the masses of active neutrinos arising from the Higgs doublets are naturally small via such
a tiny VEV. We discuss various phenomenology of the model, including the neutrino masses and
oscillations, bounds on non-unitarity, lepton-flavor violations, the oblique parameters, the muon
anomalous magnetic moment, the GeV-scale sterile neutrino candidate arising from the tiny VEV,
and collider signatures. We finally discuss the possibility of detecting the sterile neutrino suggested
in the experiment of Future Circular Collider (FCC).
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I. INTRODUCTION
Two-Higgs-doublet models (THDM) are regarded as the simplest extensions of the stan-
dard model (SM) by adding one more doublet Higgs field to the Higgs sector [1]. It is
the most often studied model because of its rich phenomenology and accommodation of
the Higgs sector of supersymmetric models. Nevertheless, THDM’s do not have enough
matter contents to accommodate the small neutrino mass, at least in its simplest versions,
conventionally dubbed as Types I, II, III, and IV.
Here we introduce an additional U(1) global symmetry with a set of exotic fermions and
a singlet Higgs field, beyond the THDM. Among the exotic fermions, there are Dirac and
Majorana types. The first Higgs doublet field Φ1 is chosen to be the SM-like Higgs doublet
while the second one Φ2 to be inert at tree level. Yet, a tiny vacuum expectation value
(VEV) is generated at loop level for the second doublet, which is then used to explain the
small neutrino mass. Such a setup can explain the small neutrino mass without invoking
extremely small Yukawa couplings.
In this work, in addition to showing that the model can explain neutrino mass and
oscillation pattern, and non-unitarity bound, we also show that it can be consistent with
existing limits on the lepton-flavor violations and the oblique parameters. Furthermore, we
can have heavier sterile neutrinos of mass O(0.1 ∼ 10) GeV, which are induced by the tiny
VEV. Since the model also involves some exotic particles at TeV, we briefly describe the
signatures that we can expect at the LHC.
This paper is organized as follows. In Sec. II, we describe the details of the model.
In Sec. III, we study the phenomenology and constraints of the model, in particular, the
derivations for the formulas of lepton-flavor violations, muon anomalous magnetic dipole
moment (g − 2), and the oblique parameters. In Sec. IV, we present the numerical analysis
of the model. We conclude and discuss in Sec. V.
II. MODEL SETUP
In this section, we describe the neutrinophilic model in detail, including the bosonic
sector, fermion sectors, and the scalar potential. First of all, we introduce an additional
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Fermions Bosons
Fermions LL eR L
′ NR0 N1 NR2 Φ1 Φ2 ϕ
SU(2)L 2 1 2 1 1 1 2 2 1
U(1)Y −12 −1 −12 0 0 0 12 12 0
U(1) −1 −1 −15 0 −15 −25 0 35 15
TABLE I: Field contents of fermions and their charge assignments under SU(2)L ×U(1)Y ×U(1),
where each of the flavor index is abbreviated.
U(1) global symmetry. All the fermionic and bosonic contents and their assignments are
summarized in Table I. Notice here that the numbers of family for all exotic fermions, except
for NR0 (two families), are three in order to reproduce the neutrino oscillation data, and L
′
and N1 are Dirac-type fermions, while NR0 and NR2 are the Majorana fermions.
For the scalar sector with nonzero VEVs, we introduce two SU(2)L doublet scalars Φ1 and
Φ2, and an SU(2)L singlet scalar ϕ. Here Φ1 is supposed to be the SM-like Higgs doublet,
while Φ2 is supposed to be an inert doublet at tree level. After spontaneous breaking of U(1)
via ϕ, the VEV of Φ2 is induced at the one-loop level via exotic fermions. Thus, a tiny VEV
can theoretically be realized, which could be natural to generate the tiny neutrino masses.
In the framework of neutrinophilic THDM’s, several scenarios have been considered in
literature. For example, a tiny VEV is induced by bosonic loops at one-loop level with a
global U(1)B−L symmetry and thus the active neutrinos are expected to be Dirac fermions
[2]. The work in Ref. [3] had considered a tiny VEV generated at bosonic one-loop level
with a U(1)R gauge symmetry, and all the light SM fermion masses are induced via this
tiny VEV while the neutrino masses are induced at two-loop level as Majorana fermions.
Another work in Ref [4] had considered the scenario in neutrinophilic THDM with a U(1)L
global symmetry, in which neutrino masses are induced at tree-level as Majorana fermions
and they also discussed the possibility of explaining the anomalous X-ray line. 1
1 In the framework of type-II seesaw models, there are also several models that a small SU(2)L triplet VEV
can be induced at loop levels [5, 6].
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A. Yukawa interactions and scalar sector
Yukawa Lagrangian: With the current field contents and symmetries, the renormalizable
Lagrangian in the leptonic sector is given by
−LL = (yℓ)iiL¯LiΦ1eRi + fijL¯′LiΦ˜1NR1j + f ′ijN¯LiL′RjΦ1 + gijL¯′CRiΦ2NR2j + (yL2)ijL¯LiΦ˜2NR2j
+ (yN)ijN¯R2iNL1jϕ+ (y
′
N)iaN¯L1iNR0aϕ + (y
′′
N)iaN¯R1iN
C
R0aϕ+ (MD)ijN¯L1iNR1j
+ (M0)aaN¯
C
R0a
NR0a + (ML′)iiL¯
′
Li
L′Ri + c.c., (II.1)
where (i, j) = 1 − 3, a = 1, 2, Φ˜1,2 ≡ (iσ2)Φ∗1,2 with σ2 being the second Pauli matrix, and
the mass matrices in the last line are diagonal without loss of generality as well as yℓ.
2
B. Fermion Sector
First of all, we define the exotic fermion as follows:
L′L(R) ≡

 N ′
E ′−


L(R)
, (II.2)
then the mass eigenvalue of charged fermion is straightforwardly given by ML′ in Eq.(II.1).
The mass matrix for the neutral exotic fermions is a 7 × 7 block in basis of Ψ ≡
[νCL , NR0, NR1 , N
C
L1
, NR2, N
′
R, N
′C
L ], and given by
MN (Ψ) =


03×3 03×2 03×3 03×3 mD 03×3 03×3
02×3 M0 MTN3 M
T
N2
02×3 02×3 02×3
03×3 MN3 03×3 M
T
D 03×3 03×3 M
T
03×3 MN2 MD 03×3 M
T
N1
M ′ 03×3
mTD 03×2 03×3 MN1 03×3 m
T 03×3
03×3 03×2 03×3 M ′T m 03×3 ML′
03×3 03×2 M 03×3 03×3 MTL′ 03×3


, (II.3)
where we define m ≡ gijv2/
√
2, mD ≡ (yL2)ijv2/
√
2, M ≡ fijv1/
√
2, M ′ ≡ f ′ijv1/
√
2, MN1 ≡
(yN)ijv
′/
√
2, MN2 ≡ (y′N)iav′/
√
2, MN3 ≡ (y′′N)iav′/
√
2. Then this matrix is diagonalized by
a 20 × 20 unitary matrix VN as Mψα ≡ (VNMNV TN )α (α = 1 ∼ 20), where Mψα consists of
the mass eigenvalues.
2 AlthoughMD is diagonal in general: 9→ 3; we select a symmetricMD: 9→ 6; and reduced the parameter
yN ′ by three degrees of freedom: 6→ 3. Thus the total degrees of freedom is conserved.
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FIG. 1: 1 loop induced 5 dimensional operator
C. Scalar potential
In our model, the scalar potential is given by
V =µ2ϕ|ϕ|2 + λϕ|ϕ|4 +
∑
i=1,2
λϕΦi |ϕ|2|Φi|2
+ µ211|Φ1|2 + µ222|Φ2|2 +
λ1
2
|Φ1|4 + λ2
2
|Φ2|4 + λ3|Φ1|2|Φ2|2 + λ4|Φ†1Φ2|2, (II.4)
where we have chosen some parameters in the potential such that 〈Φ2〉 ≡ v2/
√
2 = 0 at
tree level, while ϕ = 1√
2
(v′ + ϕR + iG) with v′ 6= 0 and 〈Φ1〉 ≡ v1/
√
2 6= 0. Here ϕR is
assumed to be the mass eigenstate that suggests the mass of ϕR is larger than the other
mass eigenvalues. G is the physical Goldstone boson (GB) that does not mix with other
particles. To achieve the inert Φ2, we impose the inert conditions as follows:
0 < λ2, 0 ≤ 2µ222 + (λ3 + λ4)v21 + λϕΦ2v′2.
A five-demensional operator λ5ϕ
3Φ†2Φ1 can be generated at one-loop level as shown in Fig.1.
The formula is given by
λ5 =
20∑
a=1
4ML′j
(4π)2
[
fi,mgi,j (yN)j,k (y
′
N)k,l (y
′′
N)m,l
]
F
(
4, 1, {M20i,M2L′j ,M
2
Dk
,M2Dl}
)
, (II.5)
where the explicit expression for F
(
4, 1, {M0i,ML′j ,MDk ,MDl}
)
is given in Appendix A.
After the spontaneous symmetry breaking, an effective mass term µ212Φ
†
2Φ1 =
λ5v′3
2
√
2
Φ†2Φ1 is
5
obtained. The resultant scalar potential in the THDM Higgs sector is given by
VTHDM =µ
2
12(Φ
†
1Φ2 + c.c.) + µ
′2
11|Φ1|2 + µ′222|Φ2|2
+
λ1
2
|Φ1|4 + λ2
2
|Φ2|4 + λ3|Φ1|2|Φ2|2 + λ4|Φ†1Φ2|2, (II.6)
where µ′211(22) ≡ µ211(22) + λϕΦ1(2)v′2/2, 〈Φi〉 ≡ vi/
√
2 (i = 1 − 2) and we choose µ212 to be
negative, while µ211 to be positive, and assume that v2/v
′ ≪ 1. Taking v2/v1 ≪ 1, we finally
obtain the formula for the VEV of Φ2 as
v2 ≈ 2v1µ
2
12
2µ′222 + v
2
1(λ3 + λ4)
. (II.7)
Including their VEVs, the scalar fields are parameterized as
Φ1 =

 h+1
v1+h1+ia1√
2

 , Φ2 =

 h+2
v2+h2+ia2√
2

 . (II.8)
After the spontaneous symmetry breaking, the neutral scalar bosons ϕR and h1 mix each
other to form mass eigenstates. Note that the VEV of the second Higgs doublet is too small
for a sizeable mixing with h2. The pseudoscalar components and the charged components
are rotated to give the zero-mass Goldstone bosons and the physical pseudoscalar Higgs
boson and charged Higgs boson, respectively. They are given in the following expressions:
Diag.(m2H01
, m2H02
) = OHm
2(ϕR, h1)O
T
H,
Diag.(m2Z0 , m
2
A0) = OIm
2(a1, a2)O
T
I ,
Diag.(m2ω± , m
2
H±) = OCm
2(h±1 , h
±
2 )O
T
C , (II.9)
where OH,C,I denotes the mixing matrices which diagonalize the mass matrices accordingly.
Here Z0 and ω± are zero-mass Goldstone bosons to be absorbed as the longitudinal com-
ponent of the neutral SM gauge boson Z and charged gauge boson W± respectively. The
mass matrices in the right-hand side of Eq. (II.9) are given by the parameters in the scalar
potential. For neutral CP-even components we obtain
m2(ϕR, h1) ∼

 2λϕv′2 v1v′λϕΦ1
v1v
′λϕΦ1 2λ1v
2
1 − v2µ
2
12
v1

 , (II.10)
where H01 (≡ hSM) is the SM-like Higgs in our notation, and h2 does not mix in the limit
of µ12, v2 ≪ v1, vϕ; m2h2 ∼ 2λ2v22 −
v2µ212
v2
. We also obtain the mass matrices for CP-odd and
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charged components as
m2(a1, a2) =

 −v2µ212v1 µ212
µ212 −v1µ
2
12
v2

 , m2A0 = −(v21 + v22)µ212v1v2 , (II.11)
m2(h±1 , h
±
2 ) =

 −v2(λ4v1v2+2µ212)2v1 λ4v1v22 + µ212
λ4v1v2
2
+ µ212 −v1(λ4v1v2+2µ
2
12)
2v2

 , m2H± = −(v21 + v22)(λ4v1v2 + 2µ212)2v1v2 .
(II.12)
Here we explicitly show the 2× 2 matrices; OR, OC , OI , as
OR ≡

 cα sα
−sα cα

 , OI ≡ OC =

 cβ sβ
−sβ cβ

 , sβ = v2√
v21 + v
2
2
, (II.13)
where cα(β) ≡ cosα(β) and sα(β) ≡ sinα(β), and we define v ≡
√
v21 + v
2
2, tan β ≡ v2v1
which lead v1 = v cos β and v2 = v sin β as in the other THDMs. Since v2 ≪ v1 is achieved
theoretically, sβ ≪ 1 is realized. Also sα is written in terms of the elements of m2(ϕR, h1),
which is restricted by the current experimental data at LHC sα . 0.3. Note that there is
an advantage of introducing fermions inside the loop instead of bosons [2, 3], because of
the positivity of the fermion-loop contributions to the pure quartic couplings. Hence the
vacuum stability can easily be realized [7].
III. PHENOMENOLOGY AND CONSTRAINTS
A. Neutrino masses and Oscillations
The charged-lepton mass is given by mℓ = yℓv/
√
2 after the electroweak symmetry break-
ing, where mℓ is assumed to be the mass eigenstate. Let us redefine the neutral mass matrix
MN , its mixing matrix VN and mass eigenvalues Mψ as two by two block-mass matrices for
the convenience of discussing the non-unitarity of leptonic mixing matrix [8]:
MN =

 03×3 m3×17
mT17×3 M17×17

 , Mψ =

 d3×3 03×17
0T17×3 D17×17

 , (III.1)
VN =

 (VN)3×3 03×17
0T17×3 (VN)17×17



 13×3 X†3×17
X17×3 117×17

 , (III.2)
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where (VN)3×3 and d3×3 correspond, respectively, to the lepton-mixing matrix with non-
unitarity, and mass eigenvalues of active neutrinos. With several steps, X can be
parametrized by
X = ±i
√
D−1O
√
d, (III.3)
where O is an arbitrary 17×3 matrix with 45 degrees of freedom, satisfying OTO = 13×3 but
OOT 6= 117×17. Next, consider the Hermitian matrix X†X being diagonalized by a unitary
3× 3 mixing matrix U , i.e., d2X ≡ U †X†XU . Then the non-unitarity parameter η, which is
defined by (VN)3×3 ≡ (1 − η)VMNS, should be smaller than the following bounds that arise
from global constraints in Ref. [9]
|2η| ≃ |Vkd2XV †k | .


2.5× 10−3 2.4× 10−5 2.7× 10−3
2.4× 10−5 4.0× 10−4 1.2× 10−3
2.7× 10−3 1.2× 10−3 5.6× 10−3

 , (III.4)
VMNS =


c13c12 c13s12 s13e
−iδ
−c23s12 − s23s13c12eiδ c23c12 − s23s13s12eiδ s23c13
s23s12 − c23s13c12eiδ −s23c12 − c23s13s12eiδ c23c13




eiα1/2 0 0
0 eiα2/2 0
0 0 1

 ,
(III.5)
where VMNS is the unitary 3 × 3 lepton-mixing matrix that is observed, and Vk ≡
(VN)3×3U3×3(
√
1 + d2X)3×3. In our numerical analysis, we implicitly satisfy this condition.
3
In addition to the bounds on non-unitarity, we further impose the following ranges on
V †MNSdV
∗
MNS =


0.0845− 0.475 0.0629− 0.971 0.0411− 0.964
1.44− 3.49 1.94− 2.85
∗ 1.22− 3.33

× 10−11 GeV, (III.6)
where we have used the following neutrino oscillation data at 3σ [10] in case of normal
3 This can easily be satisfied by controlling 45 free parameters of O.
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Process (i, j) Experimental bounds (90% CL) References
µ− → e−γ (2, 1) BR(µ→ eγ) < 4.2× 10−13 [11]
τ− → e−γ (3, 1) Br(τ → eγ) < 3.3× 10−8 [12]
τ− → µ−γ (3, 2) BR(τ → µγ) < 4.4 × 10−8 [12]
TABLE II: Summary of ℓi → ℓjγ process and the lower bound of experimental data.
hierarchy (NH) given by 4
0.278 ≤ s212 ≤ 0.375, 0.392 ≤ s223 ≤ 0.643, 0.0177 ≤ s213 ≤ 0.0294, δ ∈ [−π, π],√
m2ν3 −
m2ν1 +m
2
ν2
2
= (
√
23.0−
√
26.5)× 10−11 GeV, (III.7)√
m2ν2 −m2ν1 = (
√
0.711−
√
0.818)× 10−11 GeV, (III.8)
and the Majorana phases α1,2 taken to be α1,2 ∈ [−π, π].
In case of inverted hierarchy (IH) we also impose the following ranges at 3σ confidential
level [10]:
V †MNSdV
∗
MNS =


1.00− 5.00 0.00237− 3.83 0.00256− 3.94
∗ 0.00279− 3.08 0.365− 2.60
∗ ∗ 0.00500− 3.30

× 10−11 GeV, (III.9)
0.403 ≤ s223 ≤ 0.640, 0.0183 ≤ s213 ≤ 0.0297,√
m2ν1 +m
2
ν2
2
−m2ν3 = (
√
22.0−
√
25.4)× 10−11 GeV, (III.10)
where the other values are same as the case of NH.
B. Sterile neutrino
Due to two of the blocks in the mass matrix for neutral fermions, m andmD, in Eq. (II.3),
we can have another three lighter neutral fermions in addition to the three active neutrinos.
Hence the model can provide GeV-scale sterile neutrino(s) that have been studied in the
4 Recently δ = −π/2 is experimentally favored. But our result does not change significantly, even if we fix
δ = −π/2.
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Future Circular Collider (FCC) proposal [22, 23]. Here let us focus on the lightest sterile
fermion ψ4 ≡ νs, and its mass is defined by mνs. Since the testability of FCC is provided in
terms of mνs and its mixing between νs and three active neutrinos [24], we define its mixing
as follows:
θs ≡
√
|V4,1|2 + |V4,2|2 + |V4,3|2, (III.11)
where θs depends on each of mass values in Eq. (II.3).
5 The concrete analysis will be give
in the next section.
C. Lepton Flavor Violations (LFVs)
First of all, we rewrite the leptonic interacting Lagrangian in terms of the mass eigenstates
as follows:
−LLint = −cβ
3∑
i,j=1
20∑
a=1
(yL2)i,jV
T
Nj+11,a
ℓ¯LiψRaH
− + h.c.. (III.12)
Then lepton-flavor violating processes ℓi → ℓjγ will give constraints on our parameters,
where the experimental bounds are listed in Table. II. The branching ratio for ℓi → ℓjγ is
given by
BR(ℓi → ℓjγ) ≈
48π3αemCijc
2
β
G2F
∣∣∣∣∣
3∑
k,k′=1
20∑
α=1
(yL2)j,kV
T
Nk+11,α
(y†L2)k′,iV
∗
Nα,k′+11
(4π)2
Flfv(Mψα, mH±)
∣∣∣∣∣
2
≈ 192π
3αemCij
(4π)2v42G
2
F
∣∣∣∣∣
3∑
k,k′=1
20∑
α=1
mDj,kV
T
Nk+11,α
m†Dk′,iV
∗
Nα,k′+11
Flfv(Mψα , mH±)
∣∣∣∣∣
2
, (III.13)
Flfv(ma, mb) =
2m6a + 3m
4
am
2
b − 6m2am4b +m6b + 12m4am2b ln(mb/ma)
12(m2a −m2b)4
, (III.14)
where αem ≈ 1/137 is the fine-structure constant, Cij = (1, 0.178, 0.174) for ((i, j) =
((2, 1), (3, 2), (3, 1)), GF ≈ 1.17× 10−5 GeV−2 is the Fermi constant.
5 One may consider the possibility of a (decaying) dark matter candidate with a lighter mass scale of keV
or MeV, since single photon emission can be possible due to the mixing whose form is the same as the
sterile one. However, since the typical mixing of our model at this mass scale is 0.01∼0.0001, which is too
large to explain, e.g., x-ray line at 3.55 keV or 511 keV line, which requires a typical mixing 10−5 ∼ 10−6.
Thus, the only possibility to detect in experiments could be sterile neutrinos.
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Muon anomalous magnetic dipole moment (g − 2)µ: Through the same process as the
above LFVs, there exists the contribution to (g − 2)µ, and its form ∆aµ is simply given by
∆aµ ≈ −
m2µc
2
β
(4π)2
[
3∑
k,k′=1
20∑
α=1
(yL2)2,kV
T
Nk+11,α
(y†L2)k′,2V
∗
Nα,k′+11
]
Flfv(Mψα, mH±)
≈ − 2m
2
µ
(4π)2v22
[
3∑
k,k′=1
20∑
α=1
mD2,kV
T
Nk+11,α
m†Dk′,2V
∗
Nα,k′+11
]
Flfv(Mψα, mH±). (III.15)
Although this value can be tested by current experiments ∆aµ = (28.8 ± 8.0)× 10−10 [13],
one cannot obtain a positive muon g − 2 in the current model.
D. Oblique parameters
Since we have exotic fermions L′ with SU(2)L doublet, we have to consider the oblique
parameters that restrict the mass hierarchy between each of the components of multiple
fermions. In our case, the masses between E ′ and ψa are restricted. The first task is to
write down their kinetically interacting Lagrangians in terms of mass eigenstate, and they
are give by
L ∼ g2√
2
20∑
a=1
(
VNa,α+17ψ¯aγ
µPLE
′
αW
+
µ + V
∗
Na,α+14
ψ¯aγ
µPRE
′
αW
+
µ + h.c.
)
(III.16)
+
g2
2cw
20∑
a,b=1
[
VNa,α+17V
†
Nα+17,b
ψ¯aγ
µPLψb + V
∗
Na,α+14
V TNα+14,bψ¯aγ
µPRψb +
(−1 + 2s2w) E¯ ′αγµE ′α]Zµ,
(III.17)
Here we focus on the new physics contributions to ∆S and ∆T parameters in the case
∆U = 0. Then ∆S and ∆T are defined as
∆S = 16π
d
dq2
[Π33(q
2)− Π3Q(q2)]|q2→0, ∆T = 16π
s2Wm
2
Z
[Π±(0)− Π33(0)], (III.18)
where s2W ≈ 0.23 is the Weinberg angle and mZ is the Z boson mass, and Π33(3Q)(±) consists
of the fermion-loop L′ and boson loop Φ2. The fermion loop factors Π
f
33,3Q,±(q
2) are cal-
culated from the one-loop vacuum-polarization diagrams for Z and W± bosons, which are
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respectively given by
Πf±(q
2) =
V Tα+14,aV
∗
a,α+14 + V
†
Nα+17,a
VNa,α+17
(4π)2
∫ 1
0
dx ln
[
−x(1 − x) q
2
M2E′α
+ x+ (1− x)M
2
ψa
M2E′α
]
× [2x(1− x)q2 − xM2E′α − (1− x)M2ψa] , (III.19)
Πf33(q
2) =
1
2(4π)2
∫ 1
0
dx
(
ln
[
−x(1− x) q
2
M2E′α
+ 1
] [
2x(1− x)q2 −M2E′α
]
(III.20)
+
[
(V TNα+14,aV
∗
Na,β+14
)(V TNβ+14,bV
∗
Nb,α+14
) + (V †Nα+17,aVNa,β+17)(V
†
Nβ+17,b
VNb,α+17)
]
× ln
[
−x(1− x) q
2
M2ψa
+ x+ (1− x)M
2
ψb
M2ψa
]
[2x(1− x)q2 − xM2ψa − (1− x)M2ψb ]
)
,
Πf3Q(q
2) =
2
(4π)2
∫ 1
0
dx ln
[
−x(1 − x) q
2
M2E′α
+ 1
] [
2x(1− x)q2 −M2E′α
]
, (III.21)
where a(b) runs 1 − 20, while α(β) runs 1 − 3. While the boson case are directly given as
∆Sb and ∆T b [14];
∆Sb ≈ 1
2π
∫ 1
0
dxx(1 − x) ln
[
xm2h2 + (1− x)m2A0
m2H±
]
, (III.22)
∆T b ≈ 1
32π2v2αem
[F (mH±, mA0) + F (mH±, mh2)− F (mA0 , mh2)], (III.23)
F (m1, m2) ≡ m
2
1 +m
2
2
2
− m
2
1m
2
2
m21 −m22
ln
m21
m22
, (III.24)
where we assume to be the no mixing among each of component Φ2. The experimental
bounds are given by [15]
(0.07− 0.08) ≤ ∆S ≤ (0.07 + 0.08), (0.10− 0.07) ≤ ∆T ≤ (0.10 + 0.07). (III.25)
In theoretical point of view, ∆T mainly corresponds to the mass differences between each
of component inside the loop field, and ∆T = 0 is obtained in the limit of ME′ = MΨ as
well as mh2 = mH± without loss of generality. While ∆S corresponds to the number of new
fields, and more new fields give more deviations from ∆S = 0. As another point of view, one
can obtain opposite sign of contributions depending on the fermion loop or boson loop. For
example, we always find positive value of ∆Sf . If the value of ∆Sf exceeds the experimental
bound 0.15, we can decrease the value by controlling mh2 < mH± whose condition leads to
negative value of ∆Sb. As a quantitative aspect, the absolute value of ∆S is always less
than 1 in our framework, while the one of ∆T can fluctuate any value depending on the
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mass differences. Hence fitting the ∆T could be non-trivial and tends to be difficult. In
addition, considering that mh2 can actually be considered as a free parameter and one can
always be ∆S = 0, we focus on ∆T .
E. Collider Signatures
1. Issue of the Goldstone Boson
Here we show the mechanism that can generate a nonzero mass for the Goldstone boson
G. The mass is induced at higher order terms via gravitational effects that violate the global
U(1) symmetry, and its relevant Lagrangian is given by [19] 6
−δLG ∼ λ5 ϕ
5
Mpl
+ λ6
ϕ4ϕ∗
Mpl
+ λ7
ϕ3ϕ∗2
Mpl
+ c.c., (III.26)
where Mpl ≈ 1.22 × 1019 GeV is the Planck mass. From this dimension-5 operator, one
straightforwardly finds the following mass for G:
mG ≈ 1
5
√
25
2
λ5 +
9
2
λ6 +
1
2
λ7
[
v′
v1
]3/2
keV, (III.27)
where v1 ≪ v′ is assumed. Here we suppose that the upper bound on mG is O(1) MeV.
The Goldstone boson G has the following interactions after the U(1)L symmetry
breaking[20, 21]:
Leff ⊃ 1
v′
(∂µG)(ℓ¯γ
µℓ+ ν¯γµPLν). (III.28)
Thus, we have annihilation modes of active neutrino pairs via ϕR in the s-channel. This can
be induced through the mixing among neutral fermions, and their interactions are found to
be
−Lϕψψ¯ ∼
ϕR + iG√
2
[
(yN)ijN¯R2iNL1j + (y
′
N)klN¯L1kNR0l + (y
′′
N)mnN¯R1mN
C
R0n
]
+ h.c.
= (ϕR + iG)
20∑
a,b=1
[
(YL)
abψ¯aPLψ
C
b + (YR)
abψ¯Ca PRψb
]
, (III.29)
6 These interactions among G could affect invisible decays, cosmic string and so on. However since these
constraints are very weak due to the vector-like current [16, 17], we do not need to worry about these
issues. See also, i.e., Ref. [18] for discussing phenomenologies of GB at collider physics.
13
where
(YL)
ab =
1√
2
3∑
i,j=1
[
V ∗Na,i+11(yN)i,jV
T
Nj+8,b
− V ∗Na,i+8(y′†N)i,jV TNj+3,b + V ∗Na,i+5(y′′N)i,jV TNj+3,b
]
=
3∑
i,j=1
V ∗Na,i+11(MN1)i,jV
T
Nj+8,b
− V ∗Na,i+8(M †N2)i,jV TNj+3,b + V ∗Na,i+5(MN3)i,jV TNj+3,b
v′
,
(YR)
ab = −(Y †L)ab, (III.30)
where we have used the following relations: V V † = 1 and (ψ¯iψj)† = −(ψ¯jψi). Note that
the GB interaction shown in Eq. (III.28) involves only the derivative couplings, which imply
negligible contributions when coupled to vector currents.
2. The scalar boson ϕR
There are two relevant particles which may be of interests at colliders. The first one is
the ϕR, which mixes with h1 through the mixing angle α. We have mentioned the current
limit on α is sinα . 0.3. Therefore, ϕR could be produced in exactly the same ways as
the SM Higgs boson, namely, dominated by the gluon fusion (ggF) followed by vector-boson
fusion, but suppressed by a factor sin2 α . 0.09. For example, the ggF production rate for
a ϕR of mass 500 GeV is approximately 5 × 0.09 = 0.45 pb. The decay modes for ϕR are
similar to those of the SM Higgs boson, except that ϕR → H01H01 may now be possible and
can be dominant. The size of this new channel depends on the λϕΦ1.
3. Drell-Yan production of E′+E′−
The second relevant signature is through the Drell-Yan production of the heavy charged
fermion E ′−L/R of the doublet field L
′
L/R. The E
′− so produced will decay into the neutral
component of the doublet and the W boson (either real or virtual). The W boson can decay
into a charged lepton and a neutrino for leptonic detection. The neutral component N ′ will
decay into the SM neutrino(s) via mixing and the SM Higgs boson(s). One can detect the
bb¯ mode of the Higgs decay. Therefore, the final state of E ′−E ′+ production consists of two
charged leptons and two bb¯ pairs at Higgs boson mass plus missing energies.
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IV. NUMERICAL ANALYSIS
Here we randomly select points for the input parameters within the following ranges for
both the cases of NH and IH:
v2 ∈ [0.1 , 10] GeV, mD ∈ [10−10 , 10−4], m ∈ [10−4 , 50] GeV,
mH± ∈ [500 , 1000] GeV, mh2 ∈ [0.01, 10] GeV, mA0 ∈ [0.01, 100] GeV,
[M0,MN1 ,MN2 ,MN3 ,MD,M,M
′,ML′] ∈ [100 , 1000] GeV, (IV.1)
where such a range of mh2 is taken in order to compensate for the fermion-loop contribution
of ∆Sf , whose typical value is 0.5. In the last line, the range stands for all the elements for
each matrix. Note that [MN2 ,MN3] are 3×2 matrices, M0 is a 2×2 matrix, and [M,M ′,ML′]
are 3 × 3 diagonal matrices, while we assume that [m,mD,MD,MN1 ] are 3 × 3 symmetric
matrices for simplicity.
We show scattered plots of θ2s versus mνs in Fig. 2 for NH and Fig. 3 for IH. The red
points satisfy the constraint of ∆T . The allowed region ranges from mνs ≈ 0.5 − 50 GeV
with θ2s ≈ 10−12 − 5 × 10−10. The lifetime of νs should be shorter than 0.1 second that
is equivalent to O(1023) GeV−1. Notice here that, in addition to the usual modes such as
νs → ℓW/νLZ that appear in the canonical seesaw scenario [24], we also have the mode
νs → νLG via YL/YR, whose decay rate is given by mνs4π
∑3
i= |Im(YL)4i|2. Nevertheless, its
lifetime is typically of the order 10−12 second which is shorter than the standard decay
modes. Thus, the BBN bound can be negligible.
The upper region bounded by the orange line is covered in the FCC proposal, which
gives the favored region of detecting the sterile neutrino in FCC. We notice that in the
region around mνs ≈ 20 − 50 GeV and θ2s ≈ 10−12 ∼ 10−11, the parameter space of our
model is indeed covered by the FCC proposal for both cases of NH and IH. It implies that
our testability with the FCC experiment is more verifiable than the case of typical canonical
seesaw model, although the detector’s luminosity should be improved to some extent.7 This
is the direct consequence of our huge matrix of the neutral fermions: 20× 20. Although the
distribution of allowed region is similar between the NH and IH cases, the number of IH
solutions are larger than NH. This is a natural consequence of the allowed range of neutrino
oscillation data in Eq. (III.6) and Eq. (III.9).
7 In the typical canonical seesaw case, almost all of the region can be tested by the FCC experiment [24].
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FIG. 2: Plots in terms of mνs and θs in case of NH, where all the constraints discussed above are
satisfied. The upper region bounded by the orange line is the favored region of detecting the sterile
neutrino by FCC.
One might worry about the fact that we have no solution points that can simultaneously
satisfy the ∆T constraint and be covered by the FCC experiment. Also, mh2 may be too
small to cause dangerous decays that violate our scenario. One of the simplest solutions is
to introduce another boson in isospin doublet. For example, if we assign (2, 1/2, 1/2) under
(SU(2)L, U(1)Y , U(1)L) for a new boson, we can obtain the measured ∆T without violating
our discussion above and its neutral component can be a good dark matter candidate as an
inert doublet boson. Its mass is at around 500 GeV to satisfy the relic density, which has
already be discussed in Ref. [25].
V. CONCLUSIONS AND DISCUSSIONS
We have proposed a model with two neutrinophilic Higgs doublet fields Φ1,2, and the
vacuum expectation value of the second Higgs doublet is only induced at one-loop level.
As a result, the active neutrino masses can be naturally generated to be very small via the
tiny VEV v2. We have also discussed various phenomenology or constraints from neutrino
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FIG. 3: Plots in terms of mνs and θs in case of IH, where all the constraints discussed above are
satisfied. The upper region bounded by the orange line is the favored region of detecting the sterile
neutrino by FCC.
oscillation data, lepton-flavor violations, the oblique parameters and the muon g−2, and the
possibilities of collider signatures. In addition, we have pointed out a possibility of sterile
neutrino of mass O(0.1− 10) GeV from the tiny VEV v2. Finally, we have shown a plot of
mνs and θ
2
s that satisfy all the experimental bounds such as neutrino oscillation data, LFVs,
and the oblique parameters. We have found an allowed region with mνs ≈ 20− 50 GeV and
θ2s ≈ 10−12 ∼ 10−11 that is covered by the proposal of the future FCC in pursuing the sterile
neutrinos. It is one of the main results that our testability with the FCC experiment is more
verifiable than the case of typical canonical seesaw model. This is the direct consequence of
our huge matrix of the neutral fermions: 20 × 20. For the muon g − 2 we have obtained
negative contributions that seem to be against the experimental fact. We may be able to
detect a signature by looking at the decay of ϕR or by the Drell-Yan process of E
′+E ′− at
the LHC.
At the end of the discussion, it is worthwhile to mention a new possibility of detecting the
Goldstone boson G. According to a recent work [26], G can be directly tested by the first
order phase transitions in the early Universe triggered by discovery of gravitational waves at
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the experiment of LIGO [27]. All of the valid terms to explain it are involved in our theory,
our G can also be tested near future.
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Appendix A: Feynman Integrals
Definitions of F (n, α, {Ai;n}) is the followings:
F (n, α, {Ai;n}) ≡


∫ 1
0
∏n
i=1 dxiδ(1−
∑n
i=1 xi)
1
(
∑n
i=1 xiAi)
α . (α > 0)∫ 1
0
∏n
i=1 dxiδ(1−
∑n
i=1 xi) log (
∑n
i=1 xiAi) . (α = 0)∫ 1
0
∏n
i=1 dxiδ(1−
∑n
i=1 xi) (
∑n
i=1 xiAi)
−α (
log (
∑n
i=1 xiAi)−
∑−α
i=1
1
i
)
. (α < 0)
Where {Ai;n} = {A1, A2, · · · , An}. The functions have following recurrence relations:
F (n, α, {Ai;n}) = Cα
(An−1 − An)
× (F (n− 1, α− 1, {Ai;n− 2, An−1})− F (n− 1, α− 1, {Ai;n− 2, An})) ,
(A.1)
where {Ai;n− 2, B} = {A1, A2, · · · , An−2, B} and
Cα =


1
1−α . (α 6= 1)
1. (α = 1)
We can obtain the formula of F (n, α, {Ai;n}) using the recurrence relations and following
relations:
F (1, α, {A; 1}) =


1
Aα
. (α > 0)
log (A) . (α = 0)
A−α
(
logA−∑−αi=1 1i ) . (α < 0)
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